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Abstract 
In this paper, torque ripple minimization in direct torque control (DTC) of three phase Induction Motor (IM) 
using PI, hybrid fuzzy PI and anti-windup PI controller were compared. Speed performance is also improved 
when the controllers were changed. Reconstruction of phase current method is used in the conventional method, 
by  using  this  method  cost  of  the  sensors  is  reduced  and  also  basic  DTC  performance  is  maintained.  The 
reference speed is used for generating the reference torque with the help of PI controller. The drawback is torque 
ripple in induction motor by using the existing DTC. In proposed system, controller of hybrid fuzzy-PI and anti-
windup PI were implemented for generating the reference torque. The speed performance is improved by hybrid 
Fuzzy-PI  controller  and  the  torque  ripples  will  be  minimized  by  using  the  anti-windup  PI  controller.  The 
proposed method is implemented using MATLAB/SIMULINK.  
Keywords: Induction motor, direct torque control, Hybrid Fuzzy-PI controller, Anti-windup PI controller. 
 
I.INTRODUCTION 
 
The basic concepts of DTC induction motor 
drives are used for controlling the stator flux and also 
electromagnetic torque. The DTC is derived on the 
basis of the error between the reference and estimated 
valves  of  torque  and  flux.  In  general,  galvanically 
isolated  current  sensors  such  as  Hall-effect  sensors 
and  current  transducers  are  widely  used  in  many 
applications.  Recently,  single  current  sensor 
operation  has  been  proposed  to  reconstruct  phase 
currents  from  the  dc-link  current  sensor.  The  DTC 
scheme is applied for the estimation of speed and a 
torque control. 
DTC is characterized by directly controlling 
the  flux  and  torque  and  indirectly  controlling  the 
voltage  and  stator  current.  It  is  also  said  to  be  as 
vector control. The greatest view in DTC has some of 
the advantages , 
-  The control is associated without using current 
loops. 
-  The use of pulse-width modulation (PWM) is not 
necessary. 
-  The  drive  does  not  need  of  any  coordinate 
transformation. 
There are few disadvantages also present 
-   At low speed it is difficult to control flux and 
torque  
-   During  the  sector  change  having  current  and 
torque distortion 
-  To implement the hysteresis controllers need of   
high sampling frequency  
-   Presence of high torque ripple. 
In (1986) proposed an algorithm which is a 
new technique of induction motor which response is 
quick and also - efficiency is high, and it is different 
from the field-oriented control. The principle of it is 
based on limit cycle control, and it makes possible 
both  quick  torque  response  and  high-efficiency 
operation  at  the  same  time.  In  (2012)  proposed  a 
technique  to  implement  a  torque  control  scheme, 
based  on  a  direct  torque  control  (DTC)  algorithm 
using for a variable speed control 12-sided polygonal 
voltage space Vector is used for an induction motor 
drive which is in the form of open-end. 
In (2011) proposed a optimization technique 
on the duty ratio of active  vector to decrement the 
torque and ﬂux ripple. Three methods of determining 
the duty ratio are explained and efficient method is 
suggested. In (2006) proposed a technique of direct 
torque  control  (DTC)  based  induction  motor  (IM), 
here single current sensor is used in the dc link of the 
inverter. 
The oscillation of electromagnetic torque is 
due  to  the  stator  flux  vector  movement  during  the 
sectors  changes.  Another  important  issue  is  the 
achievement of hysteresis controllers which involves 
greater  sampling  frequency.  The  digital  signal 
processor is implemented for operating the hysteresis 
controller is quite different to the analogue operation. 
Speed performance is improved when hybrid fuzzy-
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PI controller is implemented. To reduce the torque 
ripples in induction motor anti-windup PI controller 
is also implemented. 
 
II.INDUCTION MOTOR MODELING 
 
Equivalent  circuit  of  induction  motor  is 
shown in the Figure 1 & 2. 
 
Figure 1 q- axis 
 
 
Figure 2 d- axis 
 
Stator voltage equations can be referred in 
d
e-q
e axis as 
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Rotor voltage equations can be referred in d
e-q
e axis 
as, 
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Equation for flux linkage is expressed as, 
 
() qs ls qs m qs qr L i L i i      
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Substituting the equation (3) in voltage 
equation (1) & (2) torque equation is obtained as,
 
3
( )( )
22
e dm qr qm dr
P
T i i                     (4) 
 
III.DTC SCHEME 
The  implementation  of  the  DTC  scheme 
requires flux linkages and torque computations and 
lacking of inner loop of current, the switching states 
is  generated  with  the  help  of  feedback  torque  and 
flux.     The flux and torque is analyzed for applying 
the  control  loop,  which  is  approximated  by  the 
voltages  and  currents  of  the  stator.  To  achieve  the 
need  torque  output  the  switching  table  is  used  to 
establish  the  suitable  inverter  state.  By  means  of 
current and voltage extent, it is feasible to compute 
approximately  the  instantaneous  stator  ﬂux  and 
output motor torque. The control algorithm based on 
ﬂux and torque hysteresis controllers determines the 
voltage required to drive the ﬂux and torque to the 
desired values within a ﬁxed time period. The DTC 
method  is  characterized  in  the  form  of  basic 
functional block.  
 
 
Figure 3 Conventional DTC 
 
The stator ﬂux vector  s   and the torque is 
generated  in  the  motor,  em  ,  and  approximated  by 
the  voltage  vector  Vs,  which  is  related  to  the 
preceding  knowledge  and  calculated  current, 
resistance in stator,  number of poles in motor p. The 
approximation of torque and magnitude of stator ﬂux, 
a hysteresis control is completed and then vectors of 
voltage is to be approximated which are achieved in 
the switching Table [1]. The reference frame which is 
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is resulted from exact voltage  in dc-link Udc and the 
logical states of switching controls Sa , Sb, and Sc  is 
given by, 
 
            
21
3 2(
s dc a
bc
V U S
SS


      
                                                                                 (5) 
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And stator current components (Iα, Iβ)                                                                                                                                                      
 
32 Sa II    
                                                                                 (6)                                                                        
1 2 ( ) S b c I I I    
 
The  stator  resistance  can  be  assumed  constant. 
During a switching period, the voltage vector applied 
to the motor is constant [1]. By integrating the back 
electromotive  force  (EMF),  the  stator  ﬂux  can  be 
estimated using, 
 
() s s s s V R I dt        
                                                                                (7)                                                                                                         
() s s s s V R I dt        
 
 
Figure 4 DTC sectors and inverter voltage vectors 
 
During  the  switching  period,  each  voltage 
vector is constant and equation can be rewritten as, 
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                                                                  (8) 
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Table 1 Basic DTC Switching Table 
 
b
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b
Ф  
Sect
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or 
 V 
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or 
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1 
1  V5  V6  V1  V2  V3  V4 
0  V3  V4  V5  V6  V1  V2 
 
0 
1  V6  V1  V2  V3  V4  V5 
0  V2  V3  V4  V5  V6  V1 
 
The magnitude of the stator ﬂux can be 
estimated by, 
 
   
2 () s s s                               (9)                                           
                                                                          
We can ﬁnd the ﬂux vector zone using the stator ﬂux 
components ( s  , s  ). The electromagnetic torque 
is  estimated  by  the  following  parameters  i.e.,  
component  of  flux,  current and  number  of  poles in 
IM. 
 
3 2 ( ) em s s s s p I I                    (10) 
 
 For  the  operation  of  inverter ,  the  switching 
combinations of vectors are two zero- voltage and the 
similar  amplitude used  for  the six identical  voltage 
vector  which  is  explained in  the  figure  1.  In  the 
hysteresis bands the torque and flux is maintained for 
deciding the voltage vectors.  
 
A.SINGLE CURRENT SENSOR 
The basic DTC scheme requires two current 
sensors at least. The DTC scheme described in this 
paper uses only one shunt resistor for dc link current 
measurement 
 
B.DC-LINK  CURRENT  SAMPLING  AND   
RECONSTRUCTION  OF  STATOR 
CURRENT 
One  of  the  most  significant  reasons  for 
reconstruction  of  three  phase  using  single-shunt  is 
cost  minimization.  So  that  the  sampling  circuit  is 
simplified  and  it  reduces  into  single  shunt  resistor. 
The single-shunt algorithm allows the use of power 
modules  which  does  not  afford  for  each  phase, 
individual  ground  connection.  An  additional 
advantage  of  single  shunt  measurement  is  that  to 
sense all the three phases same circuit is used. 
 
IV.HYBRID FUZZY-PI CONTROLLER 
 
Mostly  in  controllers  PI  Proportional  plus 
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time constant is fixed but the performance is affected 
by variations in parameter, speed and disturbance in 
load. 
The  problems  with  PI  controller  can  be 
solved  with  the  help  of  fuzzy  logic  controller. 
Mathematical  model  is  not  needed  for  fuzzy  logic 
controller  and  it  is  depends  on  the  linguistic  rules 
which  is  acquired  from  the  knowledge  of  system 
operator. Under transient condition only effect of the 
fuzzy logic controller is better than the PI controller. 
According to the input error signal the gain of the PI 
controller is varied. The PI controller suffers due to 
the problem of exact performance, and the controller 
limits, gains and the rate of change which should be 
chosen  appropriately.  In  steady  state  condition  PI 
controller  has  better  performance  than  fuzzy 
controller.  The  compensation  of  the  controllers  of 
fuzzy and PI is attained with the controller of hybrid 
fuzzy-PI  ,where  in  the  near  steady  state  conditions 
the  active  controller  is  PI    and  in  conditions  like 
transient the active controller is fuzzy. 
 
V.ANTI- WINDUP PI CONTROLLER 
 
The most important purpose of Anti-Windup 
scheme is to keep the Integrator value within limits. 
So  that  the  output  of  integrator  will  be  maintained 
within a limited range. The saturation of output from 
controller can be caused due to two reasons i)large 
error input and  ii) Non zero error. This causes  the 
output  to  accumulate.  This  saturation  may  lead  to 
delay in response for change in input. This delay is 
increased if the saturation level is high. 
 
VI.SIMULATION RESULT AND 
ANALYSIS 
 
Using  Matlab/simulink  the  DTC  based 
induction  motor  drive  simulations  is  validated.  In 
simulation the motor specification is shown in Table 
2. 
Table 2 Induction Motor parameter 
Power  149.2kW  
Supply voltage  460V 
Frequency  60Hz 
Stator Resistance, Rs  0.01485Ω 
Rotor Resistance, Rr  0.009295 Ω 
Stator leakage Inductance, Lls  0.0003027mH 
Rotor leakage Inductance,  Llr  0.0003027 mH 
Mutual Inductance, Lm  0.01046mH 
Moment of Inertia, J  3.1Kg.m
2 
 
A three phase supply of 460V, 60Hz is fed 
to DTC based IM drive is shown in Figure 5. Stator 
current, speed, torque and DC bus voltage are taken 
as output. 
 
Figure 5 Overview of DTC method 
 
A three  phase supply is given to rectifier 
block to get DC output which is fed to inverter to get 
variable  voltage  supply.  T his  supply  is  fed  to 
induction motor and speed and torque are taken as 
output.  Reference  speed  and  actual  speed  are 
compared to generate reference torque is shown in 
Figure 6. 
 
 
Figure 6 DTC simulink model 
 
DC  link  current  and  voltage  are  used  to 
produce  actual torque and flux of IM.  The actual 
values are compared with reference values and fed to 
Hysteresis controller to produce voltage vectors as 
shown in Figure 7.  
 
 
Figure 7 Mask of DTC 
 
Actual  speed  is  taken  to  calculate  the 
reference flux. Actual speed and reference speed are 
compared  using  hybrid  Fuzzy -PI  controller  to 
produce reference torque is shown in Figure 8. Using 
this controller only speed performance is improved. 
In order to minimize the torque ripple anti-windup PI 
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Figure 8 Mask of speed controller with hybrid Fuzzy-
PI controller 
 
Actual  speed  is  taken  to  calculate  the 
reference flux. Actual speed and reference speed are 
compared using anti-windup PI controller to produce 
reference torque is shown in Figure 9. 
 
 
Figure 9 Mask of speed controller with Anti-windup 
PI controller 
 
The  simulation  block  for  anti-windup  PI 
controller  is  shown  in  the  Figure  10.  Using  anti-
windup PI controller speed performance is improved 
than  the  PI  controller  and  also  torque  ripples  are 
minimized while using this controller. 
 
Figure 10 Anti-windup PI controller 
   
The output of Stator current, rotor speed, 
torque and DC bus voltage are shown in Figures 
11,12,13,14. 
 
 
Figure 11 Output for Stator current 
 
 
 
Figure 12 Output for Rotor Speed  
 
 
 
Figure 13 Output for Electromagnetic Torque 
 
 
 
Figure 14 Output for DC bus voltage 
 
The PI, hybrid Fuzzy-PI and Anti-windup PI 
controller is compared in this study and shown in the 
Table 3. 
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Table 3 Comparison of controller performances 
 
Controller  Speed 
Over 
shoot 
(rpm) 
Torque 
Ripples 
(Nm) 
Performance 
PI  9  27  Poor in both 
speed and 
torque 
Hybrid 
Fuzzy-PI 
5  27  Better in 
speed 
Anti-
windup PI 
8  15  Better in 
speed and 
torque 
          
VII.CONCLUSION 
 
The  DTC  based  induction  motor  drive  is 
analyzed using the controller of hybrid fuzzy-PI and 
anti-windup  PI  controller.  In  conventional  method 
single shunt resistor is used for the DTC algorithm. 
By  using  reconstruction  method  the  cost  can  be 
reduced  while  implementing  in  hardware.  In  the 
proposed  method  the  induction  motor  is  rated  at 
149.2kW.  In  this  method,  using  hybrid  Fuzzy-PI 
speed performance is improved and  anti-windup PI 
controller  speed  performance  and  torque  ripple 
minimization  are  much  better  when  compared  to 
conventional DTC method.  
 
REFERENCES 
 
[1]  Brahim  Metidji  and  Nabil  Taib  (2012) 
“Low-cost  direct  torque  control  algorithm 
for  induction  motor  without  AC  phase 
current  sensors,”  IEEE  Trans,  Power 
Electron., vol. 27, no. 9. 
[2]  Takahashi and T. Noguchi (1986) “A  new 
quick  response  and  high-efficiency  control 
strategy of an induction motor,” IEEE Trans. 
Ind. Appl., vol. IA-22, no. 5, pp.820–827. 
[3]  C.  Patel,  R.  P.  P.  A.  Day,  A.  Dey,  R. 
Ramchand,   K. K. Gopakumar, and M. P. 
Kazmierkowski  (2012)  “Fast  direct  torque 
control  of  an  open-end  induction  motor 
drive  using  12-sided  polygonal  voltage 
space  vectors,”  IEEE  Trans.  Power 
Electron., vol. 27, no. 1, pp. 400–410. 
[4]  Y.Zhang  and  J.Zhu  (2011)  “Direct  torque 
control  of  permanent  magnet  synchronous   
motor  with  reduced  torque  ripple  and 
commutation  frequency,”  IEEE  Trans. 
Power Electron., vol. 26, no. 1, pp. 235–248. 
[5]  Y. Zhang and J. Zhu (2011) “A novel duty 
cycle control strategy to reduce both torque 
and  flux  ripples  for  DTC  of  permanent 
magnet  synchronous  motor  drives  with 
switching  frequency  reduction,”  IEEE 
Trans. Power Electron., vol. 26, no. 10, pp. 
3055–3067. 
[6]  K. D. Hoang, Z. Q. Zhu, and M. P. Foster 
(2011)“Influence  and  compensation  of 
inverter  voltage  drop  in  direct  torque-
controlled  four-switch  three-phase  PM 
brushless  AC  drives,”  IEEE  Trans.  Power 
Electron., vol. 26, no. 8, pp. 2343–2357. 
[7]  S.  Bolognani,  L.  Peretti,  and  M.  Zigliotto 
(2011) “Online MTPA control strategy  for 
DTC synchronous reluctance-motor drives,” 
IEEE Trans. Power Electron., vol. 26, no. 1, 
pp. 20–28.  
[8]  F. Blaabjerg, J. K. Pedersen, U. Jaeger, and 
P. Thoegersen (1997) “Single current sensor 
technique  in  the  DC  link  of  three-phase 
PWM-VS inverters:  A review and a novel 
solution,” IEEE Trans. Ind. Appl., vol. 33, 
pp. 1241– 1253. 
[9]  H.-G.  Joo,  M.-J.  Youn,  and  H.-B.  Shin 
(2000) “Estimation of phase currents from a 
DC-Link current sensor using space vector 
PWM method,” Electr. Mach. Power Syst., 
vol.28,pp.1053–1069. 
[10]  H.Kim  and  T.  M.  Jahns  (2006)“Phase 
current    reconstruction for AC motor drives 
using  a  DC  link  single  current  sensor  and 
measurement voltage vectors,” IEEE Trans. 
Power Electron., vol. 21, no. 5, pp. 1413–
1419. 
[11]  M.Bertoluzzo, G.Buja, and R.Menis (2006) 
“Direct torque control of an induction motor 
using a single current sensor,” IEEE Trans. 
Ind. Electron., vol. 53, no. 3, pp. 778–784.  
[12]  E.Peralta-Sanchez,  F.  Al-rifai,  and  N. 
Schofield, (2009) “Direct torque Control of 
permanent  magnet  motors  using  a  single 
current  sensor,”  in  Proc.  Electr.  Mach. 
Drives Conf., Miami, FL, 3–6, pp. 89–94. 
[13]  D.Casadei,  G.Serra,  and  A.Tani,  (2000) 
“Implementation  of  a  direct  torque  control 
algorithm    for induction  motors based on 
discrete  space  vector  modulation,”  IEEE 
Trans. Power Electron., vol. 15, no. 4, pp. 
769–777. 
[14]  Amit  Vilas  Sant  and  K.R. 
Rajagopal(2009)”PM  synchranous  motor 
speed  control  using  hybrid  fuzzy-PI  with 
novel  switching  functions”IEEE  Trans.  on 
magnetic,vol.45,no.10. 